With accurate battery modeling, circuit designers and automotive control algorithms developers can predict and optimize the battery performance. In this paper, an experimental verification of an accurate model for prismatic high current lithium-iron-phosphate battery is presented. An automotive TSLFP160AHA lithium-iron-phosphate battery bank is tested. The different capacity GBDLFMP60AH battery bank is used to validate the model extracted from the former battery. Effect of current, stacking and SOC upon the battery parameters performance is investigated. Six empirical equations are obtained to extract the prismatic type LiFePO4 model as a function of SOC. Based on comparing the measured and simulated data, a well accuracy of less than 50 mV maximum error voltage with 1.7% operating time error referred to the measured data is achieved. The model can be easily modified to simulate different batteries and can be extended for wide ranges of different currents.
Introduction
Regarding automotive and clean energy applications, battery is still widely used as an energy storage device for supplying or delivering electrical energy. There are many types of battery technology such as lead-acid, NiCd, NiMH or Li-ion battery. Lithium-iron-phosphate (LiFePO4) or LFP battery offers good combination of performance, safety, cost, reliability and environmental characteristics. Lithium-iron-phosphate technology utilizes natural phosphate based material. Also, LFP battery has long life cycles up to 2000 times [1] [2] [3] [4] . The specific energy for LFP is about 101.5 Wh/kg [1] . Table 1 shows the different specific energy values versus nominal open circuit voltages for some different batteries [5] . Considering cost, LFP represents 71.6% of the total cost of Getz retro-fet EV while lithium-ion battery represents 68% of total cost of i-MiEV [6] . From Table 1 and the above mentioned advantages, LFP battery has superior characteristics than other types. This makes it a futuristic candidate for electric powertrains [7] .
Optimizing the battery and predicting its performance is a primary concern for circuit designers and electric vehicle developers. With accurate equivalent circuit modeling done in simulator environment such as powerin-the-loop concept [8] , battery sizing and performance with different current waveforms can be predicted to save time and cost of the development procedures. In addition to that, combination of battery with other electrochemical storage systems such as fuel cell or supercapacitor for electric powertrains requires a precise battery modeling [7, 9] .
Thevenin model is used to model the battery as shown in Figure 1 [10] . In Thevenin model, it is assumed that the parameters are fixed against SOC variation, which is not correct. Linear model considers the effect of the state of charge [11] . However, the battery is modeled by a voltage source and a series resistance only. The impedance based model shown in Figure 2 employs a method called digital frequency response analysis combined with discrete frequency immittance spectroscopy [12] . This model uses complex mathematical procedures to find the ac impedance Z. In addition to that, the model works at fixed SOC and cannot predict battery dc response.
In automotive applications, the battery banks consist of multiple cells. In this paper, an equivalent circuit model based on the experiments done for a TSLFP160AHA LFP cell in a bank is introduced. Mathematical relationships describing the battery parameters variation with SOC are investigated based on empirical data. The simulation verifications shown in Figure 3 are proposed and implemented in ANSOFT SIMPLORER environment. Although the circuit model is considered as an improvement to Thevenin model, however the parameters recognition equations are new. The model is capable of predicting the electrical characteristics of the battery dynamics regarding automotive applications, in which LFP is used as a non-regen power storage element in powertrains. The model is validated by GBSLFMP60Ah. The operational principle of this model depends on ampere-hour method to calculate SOC and consider parameters variation. Moreover, the effect of stacking and current are discussed in this paper. This paper is organized as follows. The mathematical derivations of the ampere-hour method are reviewed in Section 2. The test system and measurements carried out on LFP battery are described in Section 3. Mathematical relationships of the battery parameters are extracted in Section 4. Model validation is introduced in Section 5. Finally, the conclusions are given in Section 6.
Ampere-Hour Method
Considering a step load discharging current, the battery terminal voltage responds in a manner similar to Figure  4 . Normally, the battery terminal voltage response includes voltage drop with a sudden and a slow response described in the short and long term operating conditions by the RC network of Figure 3 . The resistance (R bs ) shown in Figure 3 corresponds to the sudden voltage drop illustrated in Figure 4 . The first time constant, consisting of R trans1 and C trans1 , represents the short term time constant of the current pulse. The second time constant, consisting of R trans2 and C trans2 , represents the long term response of the current pulse. A voltage equation is investigated to calculate the battery internal voltage as a function of SOC, and then send it to the voltage dependent source E oc to represent the voltage at the battery terminals after considering the drop across the RC network.
Battery terminal voltage transient response can be curve. Therefore, the battery terminal voltage response is m lly define the physical R and C values of th odeled by any number of time constants. It is a tradeoff between accuracy and complexity. It is referred in [13] based on numerous experimental curves that using two RC time constants, instead of one or three, is the best tradeoff between accuracy and complexity because two RC time constants keep errors to within 1 mV for all curve fittings.
To analytica e equivalent circuit with constant SOC and temperature, the method discussed in [14] is adopted here. The determination of the short term time constant is explained in 
endix A. However, the next equations are added. manner. Therefore, the battery current is chopped during discharging using an IGBT at a very low frequency [12] . At the end of the off-period, the open circuit voltage is measured. The battery voltage waveform is monitored and analyzed to extract the other parameters at fixed SOC and temperature [14] . The measured current and corresponding voltage obtained by Yokogawa oscilloscope for 55 A is shown in Figure 7 . For better accuracy, Tektronix DP07354 oscilloscope is used to measure the chosen cell voltage as depicted in Figure 8 .
In modeling the battery, state of charge (SOC) is portant parameter to be determined. SOC relates the remaining capacity in Ampere-hour (Ah) to the consumed capacity [3, 7, 15] . For deriving the SOC, let Q o be the initial capacity and Q n is the rated capacity. Hence, the available or remaining capacity in Ah designated as Q s and battery SOC are given as in Equations (1) and (2) respectively.
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where, i s is the battery current. The battery
internal voltage E oc and terminal voltage V t are given in Equations (3) and (4) in terms of battery SOC and internal impedance respectively. The symbol (//) in Equation (4) stands for the parallel connection of the electric elements of the corresponding RC network.
Examination with TSLFP160AHA
To find all the parameters in the proposed model, an ex- perimental battery test system was set up. The battery bank is composed of 30 cells in series. One cell is chosen and its terminal voltage and current are measured as illustrated in Figure 5 . The test is done at room temperature. Figure 6 shows the test system workplace. The operating conditions such as temperature, current and cycle number are kept close to each other. The battery open circuit voltage or internal voltage (E oc ) has a strong relationship with battery SOC [15] . The main target is to find this relation so that the battery SOC and hence the remaining capacity in Ah can be estimated with an accurate The parameters in the proposed model are functions of SO ffect of current is small especially at higher curre ohms of the vertical axis as shown from Figures 10 and C, current, temperature and cycle number. However, the next tests show that the small error tolerance allows the parameters to be simplified or be independent of some variables. To consider the effect of current upon the battery parameters performance, the voltage difference between the points A and B together and points A and C is measured and referred to current as illustrated in Figure 9 . The difference in voltage referred to current between A and B represents the battery series resistance (R bs ) in Figure 3 while the difference between A and C represents the whole battery impedance. Generally, the actual electric current demand of the electric vehicle varies according to the operating mode such as accelerating, constant speed or decelerating mode. The battery parameters determination may vary according to the discharge current. Therefore, several currents are tested while the other variables are kept fixed. The percentage error evaluation is calculated within the tested current limits.
The e nts. This is indicated from the close values in milli-
For fixed SOC, the vertical differences in Figures 10
and 11 are in the ranges of micro-ohms or fractions of milli-ohm. For instance, considering that SOC equals 1, the vertical difference from Figure 11 between 11 A and 55 A is 0.215 mΩ. Of which about 0.156 mΩ relates to the battery series resistance (R bs ) as in Figure 10 . This will be translated into errors in ranges of milli-volts at the battery terminals. This would imply that between 11 A and 55 A, the battery terminal voltage error will be 9.46 mV (44 A × 0.215/1000). If this value is referred to 3.3 V from Table 1 , then the error evaluation will be 0.287% (100 × 9.46 mV/3.3). The estimated error difference between 11 A and 55 A for various SOC values is given in Table 2 . This indicates that the parameters are approximately independent of the discharging currents. Also at higher values of battery SOC as in Figures 10  and 11 , the corresponding values of the impedances are approximately fixed for a specified current. This current characteristics behavior simplifies the modeling procedures. The effect of current upon the individual parameters will be checked in the next section. Moreover in [1] , it is referred that the capacity tests done with a prism ecifications as the battery examined in this section showed that the tested cells still had a full capacity after 50 cycles. Also for repetitively or frequently used batteries, the monthly self-discharge can be ignored.
While stacking, the experimented battery bank cells are placed in series. To consider this effect of stacking on the battery bank, the battery internal resistance is calculated for the chosen cell, three series cells, five cells and total number of cells in the bank. These numbers are chosen to decrease the error in measurements and calculations. The analytical method used to calculate the battery internal resistance is explained in Appendix A for one cell. The method is expanded for the series connected cells. The results are shown in Table 3 . Considering a specific current, it was found that the mean values of the battery internal resistance R bs of the series connected cells are close to each other. As the actual power demand of EV varies with the operating mode, therefore a dynamic current of 55 A, which is close to the actual discharge current, is selected to calculate the battery internal resistances. For instance with SOC equals 1, the error difference between one cell and the mean of three cells is 0.05 mΩ. The first cell terminal voltage error difference with respect to the mean value of the three cells will be 2.75 mV (0.05 mΩ × 55 A). Considering the mean values of the battery internal resistance per SOC value of the figures of Table 3 and the error differences between the mean values and the chosen cell internal resistance, which are given in Table 4 , it can be concluded that the battery cells characteristics are very close to each other.
Such characteristics of this prismatic type LiFePO4 battery simplify the modeling procedures. Therefore, one ll is used to extract the model and its model will be applied to other cells from the same manufacturer. Table 5 . The temperature of the battery measured by the production company BMS is similar to the ambient in all readings. The temperature readings are 26˚C for all readings except for SOC equals 0.78, in which the temperature is 27˚C. For SOC low (5) is used to fit the empirical data of Table 5 . Table 6 gives percenttage error between the fitted values and the measured data. Considering the experimental tests of Section 3, The RC networks values as functions of SOC can be extracted. Figure 10 directly represents the battery internal resistance (R bs ). It is redrawn in Figure 13 with SOC in the x-axis. The method used to find the parameters of the attery is explained in Appendix A for fixed SOC and b temperature. Figures 14-17 current has very slight effect on the parameter determination. Therefore, a dynamic current for the electric power demand close to the actual discharge current should be ven though averaging technique can be used for e long term time constant capacitance, however the error evaluation of the currents close to the dynamic current will be checked in the next section to prove the validity of the single variable curves. Moreover by investigating Figures 13-17 , the parameter values of the currents near the dynamic current are very close to each other. From Figures 18 to 22 , the calculated values from measurements are drawn by an asterisk and the best-fitted curves are drawn by a continuous red color. All the extracted parameters are fixed in the region from 40% to 100% SOC. Using the curve fitting method to these empirical data, the following functions are used to represent these curves: From the experiments done with LFP battery and extracted parameters, some observations are found. First, all the resistive elements increase with SOC lower than 0.4. Also, all the capacitive elements decrease with SOC lower than 0.4. This means when the battery near flat, its resistive elements are more dominant than capacitive parameters and hence it will be sensitive for the discharging currents. The battery internal resistance R bs is related to the current flowing through the metal connectors, plates and electrolyte. This appears clearly because the voltage drop across it changes with current as shown in Figure 28 for two different currents. Short term time constant can be related to the capacitance, which is related to the permittivity between the two electrodes. This observation comes as a result of the short term time constant capacitance value, which is affected by SOC rather than current. Long term time constant appears to describe the electrochemical reactions in the electrolyte behavior. This is because its related capacitance is affected by the OC. In general, the long term time constant capacitance decreases with reducing the discharging current [12] .
Model Validation and Discussion
After experimentation procedures with TSLFP160AHA bank, the battery is left about 24 hours. The corresponding voltage after that time is called the rest voltage as illustrated in Figure 29 . It is observed that the voltage at point A1 (in the first off-period) is lower than the rest voltage. This voltage difference appears to be caused as an effect of current. This overcharge phenomenon is represented by ( e discharging current and S s i t   ) as an addition to Equation (5), in which α is the difference between the rest voltage an under any operating condition than 0.025 V and β is set to 0.0003 to imitate the drop in the voltage profile respectively. This effect is not common in the next off periods after the point A1. Therefore, it can be neglected because it does not affect battery steady state or long term operating performance.
ANSOFT SIMPLORER is a good and simple tool to represent the equivalent circuit of the proposed model. It provides a ready block to implement the algebraic equations directly and the outputs of these equations determine the electrical elements behavior. Moreover, it offers some blocks to implement the mathematical equations nufacturer company, Equations from (5) to (10) are considered general functions for high current healthy prismatic type cells of high power LFP batteries. In order to prove the generality of the extracted model, the GBSLFMP 60 Ah battery bank from the same production company is continuously discharged through a resistive load. From the datasheet of this battery, it has 60 Ah rated capacity. One cell is chosen and its voltage profile is recorded. The discharge test is done when the battery is fully charged up to its final state indicated by an alarm from the BMS system. All the recognized parameters extracted from TSLFP160AHA bank are directly applied to GBSLFMP 60 Ah battery bank. Figure 30 shows the experimental results for 1 C discharging. The same data is compared with the simulated results in Figure 31 .
o investigate the accuracy of Figure 31 , a zoomed in image is drawn in Figure 32 . The maximum operating time error between the simulated and experimental results is 50 mV with 1.7% referred to the experimental value and takes place in the exponential zone. Table 7 gives the different accuracy values for different current ranges, which proves the validity of the model. It should be noted that the operating time error percentage in Table 7 is the absolute d point A1 in Figure 29 and β is an adaptive parameter. The value of α does not increase that include differentiation or integration. o the experimental values. The difference occurring in the exponential region indicates that cell resistances are lower than the extracted values at that region. This would imply that this cell is healthier than other cells in the bank. It can work for extra time or extra Ahs compared with the cell that gives an alarm. During testing, temperature varies from 26˚C to 30˚C indicating that this temperature difference has negligible effect on the battery performance.
For more comparison, Figure 33 shows a zoomed in image of the simulated and experimental results of a 0.5 C continuous discharging current. The maximum operating time error for 0.5 C occurs at the beginning of the exponential zone. Also, the maximum operating time error for 0.3 C occurs at the beginning of the exponential zone as shown in Figure 34 . For 1 C, 0.5 C and 0.3 C discharging currents, the error during the linear region is small. However, when the battery is discharged at 2 C as in Figure 35 , there is a long period operating time error of 45 mV during the linear region. This error is because 2 C discharging current is far from the dynamic current at which parameters equations are extracted. Also, there was an alarm occurred many times that makes the discharging to be stopped. The interruptions during the discharging with 2 C indicate that there is at least one cell inside the battery bank gave an alarm. This implies that the small error tolerances between the individual cells become Regarding the authors' applications, there is a 30 KW vehicle under construction in KERI laboratory. The battery bank used in this vehicle is not used to receive resupercapacitor module will be used to recover such energy. Therefore, this paper focuses on the discharging mode to determine the area or SOC value at which the battery is working. During charging, the GBSLFMP 60 Ah battery bank was charged with constant current in a separate utility. The BMS gives an alarm if any cell terminal voltage increases 3.6 V. Figure 36 shows the terminal voltage of the battery bank during charging with 1 C and discharging with 1 C and 0.5 C. Unfortunately, during charging, the battery open circuit voltage does not follow Equation (5) . The effect of current appears strongly at the battery terminal voltage. There is a long non-linear zone at the beginning. Also, the overcharge region is non-linear. Even at the linear region, the measured terminal voltage is higher than the calculated. Therefore, two-dimensional look-up table with interpolation can be implemented in ANSOFT SIMPLORER to represent the terminal voltage charging profile with SOC or time and Equation (4) can be used to determine the battery open circuit voltage. can be easily repeated and modified for different battery technologies and can be extended for wide dynamic ranges of different currents. In all, the model offers circuit and system engineers the possibility to improve the efficiency and size the LFP battery for automotive applications by predicting both the battery performance and I-V characteristics with co-simulation in ANSOFT SIMPLORER.
Conclusion

